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INTRODUCTION 


X-linked  inhibitor  of  apoptosis  (XIAP)  is  commonly  deregulated  in  a  number  of 
solid  tumor  types,  including  prostate  cancer.  Similarly,  copper  (Cu)  homeostasis  is  often 
altered  in  malignant  tumors  and  has  been  implicated  in  angiogenesis  and  metastasis, 
among  other  processes.  XIAP  was  recently  shown  to  play  a  role  in  regulating  cellular  Cu 
metabolism  and  to  be  regulated  by  binding  to  Cu.  This  project  aims  to  further  delineate 
the  role  of  XIAP  in  Cu  metabolism  and  determine  how  deregulation  of  Cu  handling  and 
XIAP  function  might  cooperate  in  the  onset  and  progression  of  prostate  cancer. 

BODY 

I  have  made  substantial  progress  toward  completing  the  tasks  outlined  in  the  original 
Statement  of  Work,  as  outlined  below: 

AIM  1.  How  does  XIAP  affect  copper  homeostasis  in  prostate  tumors? 

Due  to  time  constraints  and  technical  issues  with  our  in-house  atomic  absorption 
spectrometer,  we  were  not  able  to  complete  measurements  of  copper  content  from 
prostate  tissue  samples  as  described  in  Aim  1.  We  had  planned  to  obtain  copper 
measurements  from  these  samples  using  a  more  sensitive  ICP-MS  instrument,  property  of 
the  University  of  Michigan  Department  of  Geological  Sciences.  However,  we  could  not 
complete  these  experiments  due  to  time  constraints  as  I,  the  PI  on  this  training  award, 
finished  my  PhD  and  returned  to  medical  school  to  complete  my  MD/PhD  training 
program. 

AIM  2.  How  is  copper  delivered  to  XIAP? 

Optimize  protocol  for  monitoring  delivery  of  copper  to  human  XIAP  in  S.  cerevisiae. 
I  was  able  to  establish  a  reliable  protocol  for  growing  yeast  transformed  with  a  plasmid 
encoding  human  XIAP  in  Cu-free  selective  medium.  Supplemental  Cu  was  added  to  the 
medium  1-2  hours  before  cells  were  harvested  for  western  blotting,  which  allowed  me  to 
accurately  monitor  delivery  of  Cu  to  XIAP.  This  objective  is  complete. 

Introduce  human  XIAP  into  yeast  deletion  strains.  We  selected  16  deletion  strains 
from  the  same  background  as  our  wild-type  control  (BY4741)  for  analysis.  These  16 
strains  represented  deletions  all  of  the  available  Cu  chaperones  and  transporters  including 
the  major  Cu  importer  (Ctrl)  and  the  Wilson/Menkes  disease  protein  homolog  (Ccc2). 
Also  included  in  the  16  strains  were  several  representing  putative  Cu-binding  proteins 
(eg.  Coxll,  Coxl9,  Pet309)  and  enzymes  required  for  synthesis  of  the  Cu-binding  small 
molecule  glutathione  (Gshl,  Gsh2).  These  16  strains  were  obtained  from  Open 
Biosystems  and  transformed  with  the  XIAP  expression  plasmid.  This  objective  is 
complete. 

Assess  yeast  deletion  mutants  for  delivery  of  copper  to  XIAP.  After  transformation 
with  the  XIAP-expressing  plasmid,  the  16  yeast  deletion  strains  were  compared  to  wild- 
type  yeast  in  Cu  delivery  to  XIAP,  as  determined  by  western  blotting.  All  mutants  tested 
seemed  to  deliver  Cu  to  XIAP  with  comparable  efficiency  to  wild-type  yeast  except  for 
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the  strain  lacking  the  copper  chaperone  for  superoxide  dismutase  (Ccs).  In  side-by-side 
comparisons  with  wild-type  yeast  and  yeast  lacking  superoxide  dismutase  (Sodl),  the  Ccs 
deletion  strain  showed  a  unique  and  highly  reproducible  defect  in  delivery  of  Cu  to 
XIAP.  This  objective  is  complete. 

Confirm  findings  from  yeast  in  mammalian  cells.  Embryonic  fibroblasts  from  mice 
deficient  in  Ccs,  along  with  littermate  controls,  were  generously  provided  by  Dr. 

Jonathan  Gitlin  (Washington  University,  St.  Louis).  Fibroblasts  lacking  Ccs  consistently 
demonstrated  a  defect  in  Cu  delivery  to  endogenous  Xiap  compared  to  littermate 
controls,  confirming  our  findings  in  yeast  with  ectopically  expressed  human  XIAP.  As 
additional  confirmation,  we  reduced  CCS  expression  in  human  embryonic  kidney  (HEK) 
293T  cells  by  transient  transfection  of  small  interfering  RNA  (siRNA)  oligonucleotides. 
Reduction  in  CCS  expression  produced  a  corresponding  decrease  in  Cu  delivery  to  XIAP. 
Conversely,  overexpression  of  human  CCS  in  HEK  293  cells  enhanced  Cu  delivery  to 
endogenous  XIAP.  Taken  together,  our  data  from  yeast  and  mammalian  cells 
demonstrate  a  role  for  CCS  in  delivering  Cu  to  XIAP.  This  objective  is  complete. 

AIM  3.  How  does  copper  availability  affect  prostate  tumor  development  in  the  presence 
and  absence  of  XIAP? 

The  experiments  proposed  in  Aim  3  were  not  initiated  in  the  first  and  second  years  as  we 
originally  planned.  As  I  finished  my  PhD  and  returned  to  medical  school  to  finish  my 
MD/PhD  training  program,  we  were  not  able  to  complete  this  animal  trial  in  the  third, 
funds-free  year  of  the  project. 

In  addition  to  the  progress  described  above,  during  the  last  two  years  of  this 
project  we  have  made  significant  advances  on  our  progress  in  year  one  in  characterizing 
the  physical  and  functional  interaction  between  XIAP  and  CCS.  As  described  in  Aim  2, 
CCS  seems  to  be  the  primary  mediator  of  Cu  delivery  to  XIAP  in  mammalian  cells 
(Brady  et  al.  (attached),  Figure  2).  The  role  of  CCS  in  Cu  delivery  seems  to  be  direct,  as 
CCS  does  not  have  any  effect  on  Cu  export  or  uptake  in  mammalian  cells  (7).  In 
addition,  XIAP  binds  to  CCS  in  HEK  293  cells  in  a  manner  that  depends  on  the  second 
domain  of  CCS  (Brady  et  al.,  Figure  3).  This  is  the  same  CCS  domain  that  mediates  its 
interaction  with  SOD1,  suggesting  that  XIAP  might  dock  with  CCS  to  receive  Cu  in  a 
similar  manner  to  SODl.  Interestingly,  a  point  mutant  of  XIAP  that  lacks  E3  ubiquitin 
ligase  activity  (H467A)  co-precipitates  with  CCS  more  efficiently  than  wild- type  XIAP, 
suggesting  that  CCS  might  be  a  target  for  ubiquitination  by  XIAP.  We  have  found  that 
XIAP  does  in  fact  induce  ubiquitination  of  CCS  (Brady  et  al.,  Figure  4),  but  it  seems  to 
be  a  proteasome-independent  event  that  does  not  lead  to  CCS  degradation.  Rather, 
XIAP-mediated  ubiquitination  of  CCS  seems  to  positively  regulate  CCS  activity,  as  CCS- 
mediated  metallation  of  SOD1  is  subtly  but  consistently  reduced  in  lysates  from  cells  in 
which  XIAP  expression  is  reduced  by  siRNA  transfection  (Brady  et  al.,  Figure  7). 

Regulation  of  CCS  by  ubiquitination  has  been  previously  described,  whereby  Cu- 
bound  CCS  is  targeted  for  proteasome-mediated  degradation  (2).  In  order  to  determine 
whether  XIAP-mediated  ubiquitination  of  CCS  and  Cu-induced  ubiquitination  of  CCS 
represented  different  pathways,  we  decided  to  map  the  ubiquitinated  lysine  (Lys)  residues 
of  CCS  by  mass  spectrometry.  By  expressing  untagged  XIAP  with  affinity  tagged  CCS 
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and  ubiquitin  in  HEK  293  cells,  we  used  a  two-step  purification  scheme  to  obtain 
ubiquitinated  CCS  for  analysis  and  identified  four  lysines  on  CCS  that  were  conjugated 
to  ubiquitin  (Brady  et  al.,  Figure  5).  Substitution  of  all  four  lysines  with  arginine  does 
not  alter  binding  of  CCS  to  SOD1,  suggesting  that  these  lysines  are  not  important  to  the 
overall  three-dimensional  structure  of  CCS.  However,  absence  of  the  ubiquitinated 
lysines  does  seem  to  impair  activation  of  SOD1,  which  suggests  a  functional  role  for 
ubiquitination  in  CCS-mediated  metallation  of  SOD1  (Brady  et  al..  Figure  7). 
Interestingly,  XI AP  seems  to  preferentially  ubiquitinate  CCS  at  Lys  241,  while  the  Cu- 
induced  ubiquitination  of  CCS  does  not  exhibit  a  strong  preference  for  any  of  the  four 
lysines  (Brady  et  al.,  Figure  6).  The  presence  of  Lys  241  seems  to  be  critical  for  XIAP  to 
affect  activation  of  SOD1  by  CCS,  suggesting  that  ubiquitination  of  CCS  at  Lys  241 
specifically  enhances  CCS  activity.  Further  details  on  this  work  are  included  in  the 
attached  manuscript,  “Regulation  of  the  copper  chaperone  CCS  by  XIAP-mediated 
ubiquitination,”  which  was  published  in  the  journal  Molecular  and  Cellular  Biology  in 
April  2010. 


KEY  RESEARCH  ACCOMPLISHMENTS 

•  Ccs  was  identified  as  the  primary  mediator  of  Cu  delivery  to  exogenous  human 
XIAP  in  yeast. 

•  Mammalian  CCS  was  determined  to  mediate  Cu  delivery  to  endogenous  XIAP  in 
mouse  and  human  cells. 

•  A  physical  interaction  between  XIAP  and  CCS  was  identified  and  found  to 
depend  on  the  second  domain  of  CCS. 

•  XIAP  was  found  to  ubiquitinate  CCS  in  cells 

•  CCS  protein  expression  levels  were  found  to  be  largely  independent  of  XIAP 

•  XIAP  was  found  to  enhance  activation  of  SOD1  by  CCS,  most  likely  via  CCS 
ubiquitination. 

•  The  sites  of  ubiquitination  on  CCS  were  mapped  by  mass  spectrometry  to  four 
lysine  residues. 

•  XIAP-mediated  ubiquitination  of  CCS  was  found  to  occur  predominantly  at  Lys 
241. 

•  Substitution  of  Lys  241  in  CCS  was  found  to  alter  its  activation  of  SOD1  while 
leaving  its  ability  to  bind  to  SOD1  intact. 

•  The  effect  of  XIAP  on  CCS-mediated  SOD1  activation  was  found  to  depend  on 
Lys  241,  suggesting  that  ubiquitination  by  XIAP  at  this  residue  specifically 
enhances  Cu  acquisition  or  Cu  transfer  by  CCS. 

REPORTABLE  OUTCOMES 

This  work  was  formally  presented  in  the  following  settings: 

•  University  of  Michigan  Medical  Scientist  Training  Program  Annual  Retreat 
(August  2009) 
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•  University  of  Michigan  Department  of  Pathology  Defense  of  Dissertation  for  the 
degree  Doctor  of  Philosophy  in  Molecular  and  Cellular  Pathology  (June  2009; 
degree  to  be  conferred  in  May  2011) 

•  Innovative  Minds  in  Prostate  Cancer  (IMPaCT)  2011,  Orlando,  Florida  (March 
2011) 

This  work  was  formally  reported  in  the  following  publication  (attached): 

•  Regulation  of  the  copper  chaperone  CCS  by  XIAP-mediated  ubiquitination. 

Brady  GF,  Galban  S,  Liu  X,  Basrur  V,  Gitlin  JD,  Elenitoba-Johnson  KS,  Wilson 
TE,  Duckett  CS.  Mol  Cell  Biol.  2010  Apr;30(8):  1923-36. 

CONCLUSION 

Through  this  project,  I  have  made  substantial  progress  toward  a  better 
understanding  of  the  role  of  XIAP  in  cellular  Cu  metabolism.  The  identification  of  CCS 
as  a  primary  mediator  of  Cu  delivery  to  XIAP  is  intriguing  and  presents  a  potential 
therapeutic  approach  for  targeting  XIAP  in  prostate  tumors.  Cu-bound  XIAP  is  unstable, 
yet  XIAP  levels  remain  high  in  many  tumors  despite  elevated  intracellular  Cu  levels.  A 
drug  that  could  mimic  CCS  or  promote  interaction  of  endogenous  CCS  with  XIAP  might 
prove  useful  by  increasing  the  amount  of  Cu  bound  to  XIAP  and  thus  reducing  XIAP 
levels. 

Regulation  of  SOD1  activation  by  XIAP  through  ubiquitination  of  CCS  is 
surprising  and  suggests  a  potential  mechanism  by  which  XIAP  might  enhance  tumor  cell 
survival  independently  of  its  well-described  function  in  directly  blocking  apoptosis,  by 
promoting  activation  of  an  enzyme  that  detoxifies  reactive  oxygen  species.  Together,  the 
results  described  here  provide  valuable  insights  into  the  junction  between  XIAP  and  Cu 
biology  and  how  deregulation  of  XIAP  might  intersect  with  aberrant  Cu  homeostasis  in 
prostate  cancer  development. 
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In  order  to  balance  the  cellular  requirements  for  copper  with  its  toxic  properties,  an  elegant  set  of 
mechanisms  has  evolved  to  regulate  and  buffer  intracellular  copper.  The  X-linked  inhibitor  of  apoptosis 
(XIAP)  protein  was  recently  identified  as  a  copper-binding  protein  and  regulator  of  copper  homeostasis, 
although  the  mechanism  by  which  XIAP  binds  copper  in  the  cytosol  is  unclear.  Here  we  describe  the  identi¬ 
fication  of  the  copper  chaperone  for  superoxide  dismutase  (CCS)  as  a  mediator  of  copper  delivery  to  XIAP  in 
cells.  We  also  find  that  CCS  is  a  target  of  the  E3  ubiquitin  ligase  activity  of  XIAP,  although  interestingly, 
ubiquitination  of  CCS  by  XIAP  was  found  to  lead  to  enhancement  of  its  chaperone  activity  toward  its 
physiologic  target,  superoxide  dismutase  1,  rather  than  proteasomal  degradation.  Collectively,  our  results 
reveal  novel  links  among  apoptosis,  copper  metabolism,  and  redox  regulation  through  the  XIAP-CCS  complex. 


Copper  is  a  required  cofactor  for  critical  steps  in  many 
biological  processes,  including  aerobic  respiration,  iron  metab¬ 
olism,  pigment  formation,  peptide  amidation,  neurotransmit¬ 
ter  synthesis,  connective  tissue  development,  and  protection 
from  reactive  oxygen  species  (29,  39,  60).  Although  copper  is 
an  essential  nutrient,  the  ability  of  copper  ions  to  easily  ex¬ 
change  electrons  makes  copper  highly  toxic,  so  an  elaborate 
system  of  transporters,  chaperones,  and  chelators  has  evolved 
to  control  the  intracellular  and  extracellular  trafficking  of  cop¬ 
per.  Thus,  defects  in  copper  uptake  or  export,  at  either  the 
cellular  or  the  organismal  level,  result  in  pathological  copper 
deficiency  or  accumulation,  respectively. 

The  importance  of  copper  in  mammalian  biology  is  illus¬ 
trated  by  the  diseases  caused  by  mutations  in  the  genes  that 
encode  the  copper-transporting  ATPases  ATP7A  and  ATP7B. 
Menkes  disease  is  caused  by  mutations  in  the  gene  that  en¬ 
codes  ATP7A,  which  is  essential  to  bring  copper  from  the 
digestive  tract  to  other  organs.  Loss-of-function  mutations  in 
ATP7A  result  in  severe  copper  deficiency  in  all  organs  but  the 
intestine  and  kidney,  leading  to  musculoskeletal  defects,  vas¬ 
cular  abnormalities,  neurodegeneration,  and  usually  death 
within  the  first  decade  of  life  (38).  Conversely,  the  copper 
toxicosis  syndrome  Wilson  disease  is  caused  by  mutations  in 
the  gene  encoding  ATP7B,  which  is  highly  similar  to  ATP7A 
but  differs  in  its  intracellular  trafficking  patterns  and  tissue 
distribution  (35).  Patients  with  Wilson  disease  accumulate  cop¬ 
per  first  in  the  liver  and  later  in  other  organs,  which  eventually 
leads  to  liver  cirrhosis  and  damage  to  other  organs  if  copper 
levels  are  not  reduced  therapeutically  (8,  23). 

A  number  of  other  copper  accumulation  disorders  have  also 
been  described,  although  their  genetic  and  biochemical  mech¬ 
anisms  are  generally  less  well  understood.  One  of  the  less- 
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characterized  disorders  of  copper  accumulation  occurs  in  a 
subset  of  Bedlington  terriers  that  lack  a  functional  Commdl 
gene  (63).  COMMD1  is  an  ~20-kDa  protein  that  has  been 
implicated  in  a  wide  variety  of  pathways,  including  nuclear 
factor  kB  signaling,  response  to  hypoxia,  sodium  regulation, 
and  copper  homeostasis  (7,  17,  40,  62).  At  least  in  canines, 
COMMD1  is  required  for  proper  hepatic  copper  excretion, 
and  it  can  physically  interact  with  ATP7B,  suggesting  a  com¬ 
mon  mechanism  for  human  Wilson  disease  and  canine 
Commdl  deficiency  through  ATP7B-mediated  copper  export 
(18,  58). 

COMMD1  was  independently  identified  as  an  interacting 
partner  of  the  X-linked  inhibitor  of  apoptosis  (XIAP)  (11). 
Mammalian  inhibitors  of  apoptosis  (IAPs)  were  originally 
identified  as  homologs  of  a  baculovirus  IAP  and,  as  the  name 
suggests,  were  thought  to  be  primarily  involved  in  the  regula¬ 
tion  of  apoptosis  (20,  36,  61).  Since  their  initial  characteriza¬ 
tion,  it  has  become  clear  that  IAPs  regulate  a  wide  variety  of 
cellular  processes,  including  mitosis,  receptor-mediated  signal¬ 
ing  pathways,  and  copper  metabolism  (45,  55).  XIAP  binds  to 
and  ubiquitinates  COMMD1  in  cells,  targeting  it  for  degrada¬ 
tion  by  the  proteasome  (11).  Through  this  mechanism,  XIAP  is 
thought  to  raise  intracellular  copper  through  degradation  of  a 
key  copper  export  protein. 

Surprisingly,  while  XIAP  regulates  copper  homeostasis 
through  its  interaction  with  COMMD1,  XIAP  is  in  turn  regu¬ 
lated  by  intracellular  copper  levels.  Elevated  intracellular  cop¬ 
per  leads  to  direct  binding  of  copper  to  cysteine  residues  within 
XIAP,  resulting  in  a  distinct  conformational  change  (42).  This 
conformational  change  leads  to  an  altered  electrophoretic  mo¬ 
bility  of  XIAP  even  under  denaturing,  reducing  conditions,  and 
more  importantly,  it  decreases  the  stability  of  XIAP  and  im¬ 
pairs  its  ability  to  inhibit  caspases.  Thus,  XIAP  seems  to  par¬ 
ticipate  in  a  regulatory  loop,  promoting  its  own  degradation  by 
raising  intracellular  copper  levels.  However,  the  mechanism  by 
which  XIAP  binds  to  copper  in  the  cell  remains  unclear.  Be¬ 
cause  of  its  toxicity,  intracellular  copper  is  tightly  controlled  so 
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that  free  copper  is  unavailable  even  when  total  copper  is  ele¬ 
vated  (49).  Given  that  copper-dependent  proteins  require  spe¬ 
cific  copper  chaperones  to  deliver  copper  to  them,  we  hypoth¬ 
esized  that  a  chaperone  protein  might  be  necessary  to  mediate 
copper  delivery  to  XI AP  as  well. 

Through  a  yeast  genetic  screen  designed  to  identify  candi¬ 
date  proteins  involved  in  delivering  copper  to  XIAP,  we  iden¬ 
tified  the  copper  chaperone  for  superoxide  dismutase  (SOD), 
CCS,  as  an  XIAP-interacting  protein.  We  find  that  CCS  is 
important  for  copper  delivery  to  XIAP  in  mammalian  cells  and 
furthermore  that  CCS  is  a  target  for  ubiquitination  through  the 
E3  ubiquitin  ligase  activity  of  XIAP.  Surprisingly,  ubiquitina¬ 
tion  of  CCS  by  XIAP  seems  to  be  proteasome  independent 
and,  rather  than  triggering  degradation  of  CCS,  enhances  its 
ability  to  deliver  copper  to  its  physiologic  target,  SOD1. 

MATERIALS  AND  METHODS 

Plasmids,  oligonucleotides,  and  transfections.  pEBB,  pEBG,  pEBB-XIAP, 
and  all  pEBB-derived  XIAP  expression  plasmids  have  been  described  previously 
(11,  19,  34,  42).  For  production  of  lentiviruses,  a  cassette  containing  the  histone 
HI  promoter  and  a  sequence  directing  the  expression  of  an  RNA  hairpin  tar¬ 
geting  either  XIAP  or  green  fluorescent  protein  (GFP)  was  cloned  into  the  FG12 
vector,  kindly  provided  by  David  Baltimore  (48).  Human  ubiquitin  with  an 
amino-terminal  histidine  tag  (pEBB-His6-Ubiquitin)  and  an  expression  vector 
with  a  carboxy-terminal  biotinylation  sequence  tag  (pEBB-cTB)  were  generously 
provided  by  Gabriel  Maine  and  Ezra  Burstein  (University  of  Texas — Southwest¬ 
ern,  Dallas).  pEBB-CCS-FLAG  was  generously  provided  by  Prim  de  Bie  and  Leo 
Klomp  (University  Medical  Center  Utrecht,  Utrecht,  The  Netherlands)  and  was 
used  to  generate  untagged  pEBB-CCS,  pEBB-CCS-GST,  and  pEBB-CCS-cTB. 
CCS  deletion  constructs  were  derived  by  PCR  cloning  using  primers  spanning 
the  appropriate  domain(s)  containing  nested  restriction  sites.  Sequences  of  these 
and  all  other  primers  are  available  upon  request.  Mutant  forms  of  CCS  were 
generated  using  the  QuikChange  site-directed  mutagenesis  kit  (Stratagene).  To 
generate  pEBB-SODl-HA,  the  SOD1  coding  sequence  was  PCR  amplified  from 
a  human  T-cell  leukemia  cDNA  library  and  cloned  into  pEBB-(carboxy-termi- 
nal)HA.  The  Saccharomyces  cerevisiae  expression  vector  pTW437  is  a  CEN/ 
URA3  variant  of  pTW435,  which  has  been  described  previously  (16).  Untagged 
human  XIAP  was  cloned  into  pTW437  by  gap  repair  cloning  in  S.  cerevisiae  using 
standard  protocols.  All  small  interfering  RNA  (siRNA)  oligonucleotides  were 
obtained  from  Qiagen.  For  all  experiments  using  siRNA,  an  oligonucleotide 
targeting  GFP  was  used  as  a  control.  Double-stranded  siRNA  oligonucleotides 
were  designed  to  target  the  sequences  5'-AACTGCAACAGCTGTGGGAAT-3' 
(CCS  coding  sequence  nucleotides  418  to  438),  5'-AATGGAGGATGAGCAG 
CTGAA-3'  (CCS  coding  sequence  nucleotides  546  to  566),  5'-AAGTGGTAG 
TCCTGTTTCAGC-3'  (XIAP  coding  sequence  nucleotides  111  to  131),  and 
5 '  -AAGACCCGCGCCGAGGTGAAG-3 '  (GFP  coding  sequence  nucleotides 
322  to  342).  The  oligonucleotides  targeting  XIAP  and  GFP  were  described 
previously  (11).  Sequences  of  RNA  hairpins  for  stable  suppression  of  XIAP  and 
GFP  were  the  same  as  those  of  the  oligonucleotides  described  above.  For 
transfection  of  siRNA  oligonucleotides,  25  pM  chloroquinone  was  added  to  the 
culture  medium  10  to  15  min  before  transfection  to  enhance  transfection  effi¬ 
ciency,  and  the  medium  was  changed  to  chloroquinone-free  medium  at  6  h 
posttransfection.  All  transfections  were  performed  using  a  standard  calcium 
phosphate  method. 

Yeast  strains  and  conditions.  S.  cerevisiae  parental  strain  BY4741  (MATa 
his3Al  leu2A0  met  15 AO  ura3A0)  and  the  indicated  deletion  mutants  (obtained 
from  Open  Biosystems)  were  transformed  with  pTW437-XIAP  using  standard 
protocols.  Transformed  yeast  strains  were  cultured  in  copper-free  minimal  se¬ 
lective  medium,  which  was  prepared  with  yeast  nitrogen  base  (YNB)  without 
amino  acids,  with  ammonium  sulfate,  and  lacking  copper,  iron,  zinc,  and  man¬ 
ganese  (US  Biological).  Synthetic  medium  (10X)  deficient  in  only  copper  was 
prepared  by  adding  iron  sulfate,  zinc  chloride,  and  manganese  chloride  tetrahy- 
drate  to  a  mixture  of  YNB  and  uracil-free  complete  supplement  mixture  (CSM- 
URA;  Qbiogene)  to  achieve  final  concentrations  of  2  mg/liter  iron,  4  mg/liter 
zinc,  and  4  mg/liter  manganese  in  the  10X  YNB/CSM  mixture.  The  final  copper- 
free  synthetic  medium  consisted  of  IX  YNB/CSM  and  2%  dextrose  in  sterile 
water.  Yeast  cells  were  grown  at  30°C  in  selective  copper-free  medium  overnight 
with  shaking,  diluted  at  least  10-fold  to  an  optical  density  at  600  nm  (OD600)  of 
—0.10,  and  allowed  to  grow  to  an  OD600  of  —0.25  before  the  addition  of  copper, 
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FIG.  1.  Ccsl  mediates  copper  delivery  to  human  XIAP  expressed 
in  S.  cerevisiae.  (A)  Wild-type  (WT)  S.  cerevisiae  cells  were  transformed 
with  a  plasmid  containing  the  coding  sequence  of  human  XIAP,  grown 
in  selective  medium,  and  treated  with  0  to  5  pM  CuS04  for  2  h.  Copper 
delivery  to  XIAP  was  determined  by  SDS-PAGE  and  Western  blot 
analysis  with  an  antibody  directed  against  human  XIAP.  Note  that 
copper-bound  (shifted)  XIAP  migrates  faster  than  native  XIAP  under 
denaturing,  reducing  SDS-PAGE  conditions.  (B)  Wild-type  yeast  and 
the  indicated  deletion  strains  were  transformed  with  human  XIAP  and 
treated  with  0  or  5  pM  CuS04  for  2  h  prior  to  analysis  by  Western 
blotting  as  for  panel  A.  (C  and  D)  Wild-type  yeast  cells  and  yeast  cells 
lacking  CCS1  (C)  or  SOD1  (D)  were  transformed  with  a  human  XIAP 
expression  vector  and  treated  with  0  to  10  pM  CuS04  for  1  h.  The 
values  to  the  left  of  panels  A,  C,  and  D  are  molecular  sizes  in  kilo- 
daltons. 


additional  growth  with  shaking,  and  harvesting.  Prior  to  analysis  by  Western 
blotting,  cells  were  washed  with  sterile  water,  followed  by  300  mM  NaOH,  and 
then  lysed  by  boiling  in  NuPAGE  lithium  dodecyl  sulfate  sample  buffer  (Invitro- 
gen)  with  DL-dithiothreitol  (DTT). 

Cell  lines  and  culture  conditions.  Human  embryonic  kidney  (HEK)  293  and 
293T  cells  and  mouse  embryonic  fibroblasts  (MEFs)  were  maintained  in  Dul- 
becco’s  modification  of  Eagle’s  medium  supplemented  with  10%  fetal  bovine 
serum  and  2  mM  L-glutamine  at  37°C  in  an  atmosphere  of  5%  C02.  Generation 
of  Ccs-deficient  and  Xzap-deficient  MEFs,  along  with  wild-type  controls,  has 
been  previously  described  (13,  51).  Stable  cell  lines  were  generated  by  lentiviral 
infection  using  FG12  expression  vectors  containing  the  relevant  hairpin  se¬ 
quences  and  packaging  plasmids  as  described  previously  (22).  For  copper  treat¬ 
ments,  copper  sulfate  (CuS04)  was  obtained  from  Sigma  and  copper  solutions 
were  freshly  prepared  for  each  experiment. 

Mice.  Xzap-deficient  mice  were  backcrossed  in  the  C57BL/6  strain  for  at  least 
12  generations  (24).  All  mice  were  housed  under  specific-pathogen-free  condi¬ 
tions  within  the  animal  care  facility  at  the  University  of  Michigan.  All  animal 
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FIG.  2.  CCS  mediates  copper  delivery  to  XIAP  in  mammalian  cells.  (A)  MEFs  derived  from  either  wild-type  or  Ccs-deficient  mice  were  treated 
with  0  to  200  |jlM  CuS04  for  48  h.  Copper  delivery  to  XIAP  was  determined  by  Western  blotting  and  quantitated  using  Li-Cor  Odyssey  software 
as  described  in  Materials  and  Methods.  (B)  HEK  293T  cells  were  transfected  with  a  control  siRNA  oligonucleotide  or  a  combination  of  two 
oligonucleotides  targeting  CCS,  incubated  for  48  h,  and  treated  with  0  to  40  |jlM  CuS04  for  24  h  prior  to  lysis  and  analysis  by  Western  blotting. 
(Inset)  Cells  were  transfected  with  siRNA  oligonucleotides  targeting  XIAP  or  CCS  as  indicated.  Cell  lysates  were  analyzed  by  Western  blotting 
with  antibodies  targeting  CCS,  XIAP,  and  (3-actin.  (C)  HEK  293  cells  were  transfected  with  a  plasmid  encoding  human  CCS  or  the  empty  vector 
and  then  treated  with  0  to  30  |jlM  CuS04  for  48  h  and  analyzed  by  Western  blotting  as  for  panels  A  and  B.  The  quantitative  data  shown  graphically 
in  panels  A,  B,  and  C  were  derived  from  the  immunoblots  displayed  and  are  representative  of  at  least  three  independent  experiments  in  each  case. 
The  values  to  the  left  of  the  blots  in  panels  A  and  B  are  molecular  sizes  in  kilodaltons. 


experiments  were  approved  by  the  University  of  Michigan  Committee  on  the  Use 
and  Care  of  Animals. 

Denaturing  and  native  polyacrylamide  gel  electrophoresis  (PAGE)  conditions. 

Unless  otherwise  noted,  cells  were  harvested  with  Triton  X-100  lysis  buffer  (1% 
Triton  X-100,  10%  glycerol,  25  mM  HEPES  [pH  7.9],  100  mM  NaCl,  1  mM 
EDTA,  1  mM  DTT,  1  mM  phenylmethylsulfonyl  fluoride  [PMSF],  1  mM  sodium 
orthovanadate,  supplemented  with  protease  inhibitors)  on  ice,  and  proteins  were 
resolved  using  4  to  12%  gradient  bis-Tris  NuPAGE  gels  (Invitrogen).  Mouse 


tissues  were  lysed  on  ice  in  radioimmunoprecipitation  assay  buffer  (phosphate- 
buffered  saline  containing  1%  Nonidet  P-40,  0.5%  sodium  deoxycholate,  0.1% 
sodium  dodecyl  sulfate  [SDS],  1  mM  PMSF,  and  1  mM  DTT)  supplemented  with 
protease  inhibitors.  For  SOD  activity  assays,  lysates  were  loaded  into  4  to  12% 
gradient  Tris-glycine  gels  (Invitrogen)  and  run  for  1  h  at  room  temperature 
under  native  conditions.  Gels  were  soaked  in  deionized  water  for  30  to  45  min 
and  then  stained  for  SOD  activity  according  to  the  method  of  Beauchamp  and 
Fridovich,  with  slight  modification  (4).  Briefly,  gels  were  soaked  individually  in 
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100  ml  0.2  mg/ml  nitroblue  tetrazolium  (NBT;  Sigma)  for  15  min.  After  rinsing 
in  water,  gels  were  incubated  in  100  ml  of  50  mM  KP04  (pH  7.8)  supplemented 
with  0.1  mg/ml  riboflavin  and  1  pl/ml  AAA' A'-tetramethylethylenediamine  for 
15  min  in  the  dark.  After  a  brief  rinsing,  gels  were  developed  by  exposure  to 
ambient  fluorescent  light.  SOD  gels  were  imaged  on  a  conventional  scanner 
(Epson),  and  band  intensity  was  quantitated  using  Image J  software  (http: 
//rsbweb.nih.gov/ij/). 

Immunoprecipitation,  Western  blotting  conditions,  and  antibodies.  Glutathi¬ 
one  S-transf erase  (GST)  pulldowns  and  immunoprecipitations  were  performed 
with  glutathione  (GSH)-Sepharose  (GE  Healthcare)  and  anti-hemagglutinin 
(anti-HA)  antibody  (Roche),  respectively,  as  described  previously  (11).  For  ubiq- 
uitination  assays,  cells  were  lysed  at  room  temperature  under  denaturing  condi¬ 
tions  (8  M  urea,  50  mM  Tris  [pH  8.0],  300  mM  NaCl,  50  mM  Na2HP04,  0.5% 
NP-40,  1  mM  PMSF,  supplemented  with  protease  inhibitors)  and  ubiquitinated 
material  was  recovered  by  rotation  with  nickel-coated  agarose  beads  (Invitrogen) 
as  described  previously  (10,  11,  40).  Unless  otherwise  noted,  cells  were  treated 
with  40  pM  MG132  (Sigma)  for  4  h  prior  to  lysis  to  increase  the  recovery  of 
ubiquitinated  proteins.  All  Western  blot  analysis  was  performed  under  reducing, 
denaturing  conditions  using  Invitrogen  NuPAGE  4  to  12%  gels  as  described 
previously  (42).  The  following  primary  antibodies  were  used  for  Western  blot 
analysis:  anti-XIAP  (BD  Transduction  Laboratories),  anti-CCS  (Santa  Cruz), 
anti-p-actin  (Sigma),  anti-FLAG  (unconjugated  and  horseradish  peroxidase 
[HRP;  Sigma]  conjugated),  anti-GST  (Santa  Cruz),  and  anti-HA  (Covance).  In 
most  cases,  and  in  all  cases  where  quantitation  of  Western  blot  analysis  was 
performed,  blots  were  scanned  using  a  Li-Cor  Odyssey  infrared  scanner  after 
incubation  with  the  appropriate  infrared  dye-conjugated  secondary  antibody 
(Li-Cor).  Band  quantitation  was  performed  with  Li-Cor  Odyssey  software  (ver¬ 
sion  2.1)  according  to  the  manufacturer’s  instructions.  For  Western  blots  devel¬ 
oped  with  enhanced  chemiluminescence  (ECL)  and  film,  HRP-conjugated  sec¬ 
ondary  antibodies  and  ECL  were  obtained  from  GE  Healthcare  and  used  with 
Kodak  XAR  film. 

Two-step  ubiquitin/biotin  pulldown  and  mass  spectrometry  (MS).  Ubiquiti¬ 
nated  and  biotinylated  CCS  was  produced  in  HEK  293  cells  by  cotransfection  of 
pEBB-CCS-cTB,  pEBB-His6-Ubiquitin,  and  pEBB-XIAP  and  purified  via  a  pro¬ 
tocol  modified  from  that  developed  by  Kaiser  and  colleagues  (57).  A  full  de¬ 
scription  of  the  two-step  purification  scheme  will  be  published  elsewhere  (G. 
Maine  and  E.  Burstein,  personal  communication).  Briefly,  cells  were  transfected 
as  described  above  and  treated  with  exogenous  biotin  (4  pM;  Sigma)  and  MG132 
(40  |xM)  to  enhance  the  recovery  of  biotinylated,  ubiquitinated  CCS.  As  for  other 
His6-ubiquitin  pulldowns,  the  cells  were  lysed  with  8  M  urea  lysis  buffer  and 
sonicated.  Lysates  were  rotated  sequentially  in  disposable  drip  columns  (Bio- 
Rad)  packed  with  nickel-coated  and  then  streptavidin-coated  agarose  beads. 
After  the  final  elution  step,  proteins  were  resolved  by  SDS-PAGE  and  stained 
with  colloidal  Coomassie  (Invitrogen)  prior  to  MS  analysis  at  the  University  of 
Michigan  Department  of  Pathology  Proteomics  Facility. 

In-gel  digestion  with  trypsin.  Protein  bands  corresponding  to  unmodified  and 
modified  CCS  were  excised  and  destained  with  30%  methanol  for  3  h.  Cysteines 
were  reduced  and  carbamidomethylated  by  incubating  the  gel  slices  with  DTT 
(10  mM),  followed  by  iodoacetamide  (50  mM),  at  room  temperature  for  30  min 
each.  Gel  slices  were  crushed,  dried  using  a  Vacufuge,  and  reswollen  in  30  |xl  of 
ammonium  bicarbonate  buffer  containing  500  ng  of  sequencing  grade,  modified 
trypsin  (Promega).  After  5  min  of  incubation  on  ice,  40  pi  of  ammonium  bicar¬ 
bonate  buffer  was  added  and  digestion  was  carried  out  at  37°C  overnight.  An 
additional  250  ng  of  trypsin  was  added  2  h  prior  to  the  extraction  of  peptides. 
Peptides  were  extracted  once  each  with  60%  acetonitrile/0. 1%  trifluoroacetic 
acid  (TFA)  and  acetonitrile/0. 1%  TFA.  All  extracts  were  pooled  and  concen¬ 
trated  to  a  final  volume  of  30  pi  using  a  Vacufuge. 

Protein  identification  by  liquid  chromatography-tandem  MS  (MS/MS).  Ten 
microliters  of  the  digest  was  resolved  on  a  reverse-phase  column  (Aquasil  C18 
75-pm  inside  diameter,  10-cm-long  Picofrit  column  with  a  15-pm  tip;  New 
Objectives,  Woburn,  MA)  using  an  acetonitrile/1  %  acetic  acid  gradient  system  (5 
to  60%  acetonitrile  over  40  min,  followed  by  a  95%  acetonitrile  wash  for  5  min) 
at  a  flow  rate  of  —300  nl/min.  Eluted  peptides  were  directly  introduced  into  an 


ion-trap  mass  spectrometer  (LTQ-XL;  ThermoFisher)  equipped  with  a  nanos¬ 
pray  source.  The  mass  spectrometer  was  operated  in  data-dependent  MS/MS 
mode  to  acquire  a  full  MS  scan  (400  to  2,000  m/z),  followed  by  MS/MS  on  the  top 
five  ions  from  the  full  MS  scan  (relative  collision  energy,  —35%).  Dynamic 
exclusion  was  set  to  collect  two  MS/MS  spectra  on  each  ion  and  exclude  it  for  a 
further  2  min.  Raw  files  were  converted  to  mzXML  format  and  searched  against 
the  human  IPI  database  (v  3.41,  72,254  entries)  appended  with  a  decoy  (reverse) 
database  using  XlTandem  with  the  k-score  plug-in,  an  open-source  search  engine 
developed  by  the  Global  Proteome  Machine  (www.thegpm.orgy).  The  search 
parameters  included  a  precursor  peptide  mass  tolerance  window  of  2  Da  and 
fragment  mass  tolerance  of  0.5  Da.  Oxidation  of  methionine  (+16  Da),  carbam- 
idomethylation  of  cysteines  (+57  Da),  and  ubiquitination  of  lysines  (+114  Da) 
were  considered  variable  modifications.  The  search  was  restricted  to  tryptic 
peptides  with  only  one  missed  cleavage  tolerated.  Results  of  the  XlTandem 
search  were  analyzed  using  the  Trans-Proteomic  Pipeline  containing  Peptide- 
Prophet  (28)  and  ProteinProphet  (43).  Proteins  fulfilling  a  ProteinProphet  prob¬ 
ability  score  of  >0.9  (error  rate,  <1%)  were  considered  bona  fide  identifications. 
MS/MS  spectra  corresponding  to  peptides  that  were  identified  as  ubiquitinated 
with  a  PeptideProphet  score  of  >0.95  were  manually  verified. 

RESULTS 

Copper  delivery  to  XIAP  is  mediated  by  the  copper  chaper¬ 
one  Ccsl  in  S.  cerevisiae.  Given  the  excess  copper-chelating 
capacity  of  the  cytosolic  environment,  we  reasoned  that  simple 
diffusion  of  copper  to  XIAP  was  unlikely  to  be  a  primary 
mechanism  for  XIAP-copper  binding  in  vivo.  We  introduced 
human  XIAP  into  S.  cerevisiae  in  order  to  carry  out  a  targeted 
genetic  screen  to  identify  candidate  proteins  involved  in  deliv¬ 
ering  copper  to  XIAP.  Copper  trafficking  pathways  are  re¬ 
markably  conserved  between  yeast  and  mammalian  cells,  and 
S.  cerevisiae  has  proven  to  be  a  useful  model  for  studying 
mammalian  copper  homeostasis  (50).  Consistent  with  this,  we 
observed  that  copper  was  efficiently  delivered  to  human  XIAP 
expressed  ectopically  in  wild-type  S.  cerevisiae  (Fig.  1A).  Sim¬ 
ilar  to  the  studies  described  previously,  the  copper-bound  form 
of  XIAP  was  distinguished  from  native  XIAP  by  its  faster 
migration  on  SDS-PAGE  under  denaturing,  reducing  condi¬ 
tions  (42). 

To  identify  proteins  that  might  affect  copper  trafficking  to 
XIAP,  we  introduced  human  XIAP  into  16  S.  cerevisiae  dele¬ 
tion  strains  in  which  genes  encoding  individual  copper  chap¬ 
erones  and  transporters  or  other  proteins  with  putative  roles  in 
copper  biology  had  been  deleted  by  homologous  recombina¬ 
tion.  Interestingly,  in  the  majority  of  the  strains  tested,  copper 
was  delivered  to  XIAP  with  efficiency  comparable  to  that  in  the 
wild-type  strain  in  the  presence  of  5  [iM  copper  sulfate  (Fig. 
IB).  However,  yeast  lacking  the  metal-responsive  transcription 
factor  Acel,  the  metalloenzyme  Sodl,  or  the  copper  chaper¬ 
one  Ccsl  (the  yeast  homolog  of  human  CCS)  demonstrated 
reduced  copper  delivery  to  XIAP  compared  to  the  wild-type 
and  other  strains  tested.  Acel  is  required  for  metallothionein 
gene  transcription,  and  thus,  the  acells  strain  is  exquisitely 
sensitive  to  copper  (9,  59).  As  a  result,  very  few  viable  acells 
mutant  cells  were  recovered  for  Western  blot  analysis  after 


FIG.  3.  CCS  domain  2  and  XIAP  BIR3  mediate  the  XIAP-CCS  interaction.  (A)  Schematic  representations  of  CCS  and  XIAP  domains  and 
deletion  constructs.  (B)  Full-length  CCS-GST  and  the  indicated  CCS  deletion  constructs  were  coexpressed  in  HEK  293  cells  with  either  wild-type 
(WT)  XIAP  or  a  point  mutant  form  of  XIAP  that  lacks  E3  ubiquitin  ligase  activity  (H467A).  CCS  was  precipitated  from  whole-cell  lysates  with 
GSH  beads,  and  pulldown  samples  were  analyzed  by  Western  blotting.  (C)  GST-tagged  wild-type  XIAP  and  the  indicated  mutant  forms  of  XIAP 
were  expressed  with  FLAG-tagged  CCS,  precipitated  from  cell  lysates  with  GSH  beads,  and  analyzed  by  Western  blotting  (WB).  The  values  to  the 
left  of  the  blots  in  panels  B  and  C  are  molecular  sizes  in  kilodaltons. 
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exposure  to  elevated  extracellular  copper.  Thus,  while  we  can¬ 
not  exclude  a  direct  role  for  Acel  and  metallothioneins  in 
delivering  copper  to  XIAP,  the  apparent  defect  in  the  acelA 
mutant  strain  is  likely  due  to  its  drastically  reduced  fitness 
under  conditions  of  elevated  copper.  In  contrast,  the  ccsl  A 
mutant  strain  did  not  exhibit  a  growth  defect  in  the  presence  of 
copper  and  its  defect  in  copper  delivery  to  XIAP  was  con¬ 
firmed  by  direct  comparison  with  the  wild-type  strain  in  the 
presence  of  0  to  10  fiM  copper  (Fig.  1C).  Although  some 
variability  in  the  absolute  copper  concentration  required  to 
produce  the  electrophoretic  mobility  shift  of  XIAP  was  ob¬ 
served,  the  difference  between  the  wild-type  and  ccsl  A  mutant 
strains  was  consistent  across  multiple  experiments,  and  in  all 
cases,  comparisons  were  made  between  samples  that  were 
treated  and  analyzed  concurrently. 

In  yeast  and  mammals,  Ccsl/CCS  is  essential  for  the  delivery 
of  copper  to  Sodl  but  does  not  participate  in  copper  uptake, 
export,  or  copper  delivery  to  other  metalloenzymes  (15,  66). 
Given  that  the  role  of  Ccsl  in  copper  trafficking  is  limited  to 
Sodl  metallation,  its  effect  on  copper  delivery  to  XIAP  was 
likely  to  be  either  direct  or  via  Sodl.  In  contrast  to  the  ccsl  A 
mutant  strain,  side-by-side  comparison  of  the  wild-type  and 
sodl  A  mutant  strains  did  not  reveal  any  differences  in  copper 
delivery  to  XIAP  (Fig.  ID).  Thus,  efficient  copper  delivery  to 
human  XIAP  expressed  ectopically  in  yeast  was  found  to  re¬ 
quire  endogenous  yeast  Ccsl,  and  furthermore,  the  role  of 
Ccsl  in  copper  delivery  to  XIAP  was  found  to  be  independent 
of  Sodl  activation. 

CCS  mediates  copper  delivery  to  XIAP  in  mammalian  cells. 

To  determine  whether  CCS  might  be  involved  in  delivering 
copper  to  XIAP  in  mammalian  cells,  MEFs  derived  from  Ccs- 
deficient  mice  were  treated  with  excess  copper  and  compared 
to  MEFs  derived  from  a  littermate  control.  In  agreement  with 
the  results  observed  in  S.  cerevisiae ,  copper  delivery  to  endog¬ 
enous  XIAP  was  substantially  reduced  in  MEFs  lacking  Ccs 
(Fig.  2A).  Similarly,  suppression  of  endogenous  CCS  expres¬ 
sion  by  transfection  of  double-stranded  siRNA  oligonucleo¬ 
tides  reduced  copper  delivery  to  XIAP  compared  to  control 
transfection  in  HEK  293T  cells  (Fig.  2B).  In  order  to  achieve 
maximal  suppression  of  CCS,  two  different  oligonucleotides 
that  moderately  reduced  CCS  expression  when  transfected 
separately  (Fig.  2B,  inset)  were  pooled  and  transfected  to¬ 
gether.  Conversely,  overexpression  of  CCS  lowered  the  thresh¬ 
old  for  copper  delivery  to  endogenous  XIAP  (Fig.  2C).  Thus, 
in  mammalian  cells,  absent  or  decreased  CCS  expression  re¬ 
duced,  whereas  CCS  overexpression  enhanced,  copper  delivery 
to  XIAP.  Taken  together,  our  data  suggest  that  although  it  is 
not  absolutely  required,  CCS  plays  a  major  role  in  the  delivery 
of  copper  to  XIAP. 

Of  note,  greater  concentrations  of  copper  were  required  to 
produce  a  mobility  shift  in  XIAP  in  mammalian  than  in  S. 
cerevisiae  cells,  which  may  be  due  to  intrinsic  differences  in  the 
efficiency  of  copper  uptake  between  mammalian  and  yeast 
cells;  alternatively,  the  difference  may  be  attributable  to  the 
greater  chelating  capacity  of  the  serum-containing  medium  in 
which  the  mammalian  cells  were  grown. 

XIAP  physically  interacts  with  CCS.  To  address  whether  the 
role  of  CCS  in  copper  delivery  to  XIAP  might  involve  a  phys¬ 
ical  interaction  between  the  two  proteins,  coprecipitation  stud¬ 
ies  were  performed  with  ectopically  expressed  proteins.  CCS  or 


the  indicated  CCS  domain(s)  (Fig.  3A)  with  a  carboxy-terminal 
GST  epitope  tag  was  expressed  with  amino-terminally  HA- 
tagged  XIAP  in  HEK  293  cells.  Full-length  CCS  and  deletion 
constructs  containing  the  SOD  1 -like  second  domain  of  CCS 
efficiently  precipitated  XIAP  from  cell  lysates,  whereas  do¬ 
mains  1  and  3  in  isolation  did  not  bind  to  XIAP  (Fig.  3B).  The 
observation  that  domain  2  of  CCS  was  required  for  interaction 
with  XIAP  is  interesting,  as  this  domain  mediates  CCS  ho¬ 
modimerization,  as  well  as  binding  to  SOD1  (52).  A  similar 
experiment  was  carried  out  with  full-length  CCS  and  domain 
deletions  of  XIAP  fused  in  frame  with  an  amino-terminal  GST 
tag  (Fig.  3C).  We  found  that  interaction  with  CCS  was  medi¬ 
ated  by  the  most  carboxy-terminal  baculovirus  IAP  repeat 
(BIR3)  domain  of  XIAP,  as  this  domain  was  necessary  and 
sufficient  for  precipitation  of  CCS.  It  is  not  clear  why  the 
BIR1-2-3  construct  did  not  efficiently  precipitate  with  CCS,  as 
BIR3  alone  did,  but  this  result  was  consistent  despite  adequate 
expression  of  the  GST-BIR1-2-3  construct.  Collectively,  these 
data  suggest  that  the  second  domain  of  CCS  and  the  third  BIR 
domain  of  XIAP  are  necessary  and  sufficient  to  mediate  the 
XIAP-CCS  interaction. 

Interestingly,  a  deletion  mutant  form  of  XIAP  lacking  the 
carboxy-terminal  RING  domain  (ARING)  and  full-length 
XIAP  containing  a  critical  RING  domain  point  mutation 
(H467A),  both  of  which  lack  E3  ubiquitin  ligase  activity  (67), 
consistently  coprecipitated  with  CCS  more  efficiently  than  did 
wild-type  XIAP  (Fig.  3B  and  C).  Based  on  previous  studies  of 
XIAP  and  its  ubiquitination  targets  (11,  64,  65),  this  observa¬ 
tion  suggested  that  disruption  of  the  E3  activity  of  XIAP  might 
capture  what  would  otherwise  be  a  transient  XIAP-CCS  com¬ 
plex  and  that  CCS  might  be  a  target  for  XIAP-mediated  ubiq¬ 
uitination. 

XIAP  induces  CCS  ubiquitination.  The  possibility  that 
XIAP  might  ubiquitinate  CCS  was  examined  by  cotransfection 
of  HEK  293  cells  with  CCS  and  human  ubiquitin  carrying  an 
amino-terminal  histidine  tag  in  the  absence  or  presence  of 
XIAP.  When  CCS  was  expressed  alone,  low  basal  levels  of 
CCS  ubiquitination  were  observed,  which  were  increased  by 
co transfection  of  XIAP  (Fig.  4A).  The  XIAP-induced  increase 
in  CCS  ubiquitination  required  the  RING  domain  of  XIAP, 
consistent  with  the  hypothesis  that  CCS  is  a  direct  ubiquitina¬ 
tion  target  of  XIAP.  The  effect  of  XIAP  transfection  was 
greater  than  that  of  treating  cells  with  excess  copper,  which  was 
previously  reported  to  result  in  proteasomal  degradation  of 
CCS  (6,  13).  However,  Ccs  levels  were  found  to  be  unchanged 
in  tissues  from  Xiap- deficient  mice  compared  to  tissues  from 
wild-type  mice  (Fig.  4B),  suggesting  that  XIAP  is  not  a  primary 
regulator  of  CCS  stability.  This  is  in  contrast  to  the  effect  of 
copper,  whose  levels  have  been  shown  to  inversely  correlate 
with  CCS  levels  (5,  6, 13,  47).  Consistent  with  previous  reports, 
we  found  that  CCS  expression  was  enhanced  in  cells  treated 
with  the  copper(I)  chelator  bathocuproine  disulfonic  acid 
(BCS),  and  this  effect  did  not  require  XIAP  (Fig.  4C).  In 
addition,  XIAP  expression,  but  not  copper  treatment,  induced 
the  accumulation  of  an  apparently  monoubiquitinated  form  of 
CCS  in  the  whole-cell  lysate  (Fig.  4A),  further  suggesting  that 
XIAP-induced  ubiquitination  and  copper-induced  ubiquitina¬ 
tion  of  CCS  might  represent  distinct  ubiquitination  pathways. 
Indeed,  XIAP  was  able  to  ubiquitinate  a  mutant  form  of  CCS 
that  is  insensitive  to  copper  (C244S/C246S)  with  efficiency 
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FIG.  4.  XIAP  ubiquitinates  CCS.  (A)  CCS  was  coexpressed  in  HEK  293  cells  with  histidine-tagged  ubiquitin  (Ub),  and  cells  were  treated  by 
either  cotransfecting  XIAP  or  adding  copper  to  the  culture  medium  for  24  h.  Ubiquitinated  material  was  recovered  from  whole-cell  lysates  by 
incubation  with  nickel-coated  beads  and  analyzed  by  anti-FLAG  Western  blotting.  (B)  The  indicated  tissues  were  harvested  from  Xiap- deficient 
(knockout)  and  wild-type  C57BL/6  mice.  Tissue  lysates  were  analyzed  by  SDS-PAGE  and  Western  blotting  with  antibodies  targeting  CCS,  XIAP, 
and  (3-actin.  WT,  wild  type;  KO,  knockout.  (C)  MEFs  derived  from  Arhip -deficient  (KO)  and  wild-type  (WT)  mice  were  treated  with  the  copper 
chelator  BCS  for  48  h  and  analyzed  by  SDS-PAGE  and  Western  blotting  as  indicated.  For  each  condition,  CCS  protein  expression  was  normalized 
to  (3-actin  expression  using  the  Li-Cor  Odyssey  software  as  described  in  Materials  and  Methods.  CCS  expression  in  BCS-treated  cells  was  then 
quantitated  relative  to  that  in  untreated  cells  within  each  genotype  (wild  type  and  Xiap  deficient).  (D)  Wild-type  CCS  or  a  copper-resistant  mutant 
form  (C244S/C246S)  was  coexpressed  in  HEK  293  cells  with  histidine-tagged  ubiquitin  (Ub)  and  increasing  amounts  of  XIAP.  Ubiquitinated 
material  was  recovered  from  whole-cell  lysates  by  incubation  with  nickel-coated  beads  and  analyzed  by  anti-FLAG  Western  blotting  as  for  panel 
A.  (E)  CCS  with  a  FLAG  epitope  tag  was  coexpressed  in  HEK  293T  cells  with  histidine-tagged  ubiquitin  (Ub)  in  the  presence  or  absence  of  XIAP. 
Cells  were  either  left  untreated  or  incubated  with  150  |jlM  BCS  for  24  h  prior  to  harvesting  and  analysis  by  nickel  pulldown  and  Western  blotting. 
(F)  HEK  293  cells  with  stably  suppressed  XIAP  (shXIAP)  were  derived  by  lentiviral  infection  as  described  in  Materials  and  Methods.  The  shXIAP 
cells  and  control  cells  were  transfected  with  plasmids  encoding  human  CCS  and  human  ubiquitin  and  then  treated  with  50  |jlM  CuS04  for  24  h 
prior  to  analysis  by  nickel  pulldown  and  Western  blotting.  The  values  to  the  left  of  the  blots  are  molecular  sizes  in  kilodaltons. 
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two-step  purification  scheme  using  His6-ubiquitin  and  biotinylated  CCS.  (B)  Analysis  of  eluates  from  one-step  (streptavidin  column  only)  and 
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samples  before  and  after  each  step  of  the  purification  scheme  by  Western  blotting  with  an  antibody  directed  against  CCS  (right  panel).  (C)  The 
four  lysines  that  were  identified  as  ubiquitinated  residues  by  MS  are  shown  in  the  context  of  CCS  domains  1  to  3.  The  values  to  the  left  of  the  blots 
are  molecular  sizes  in  kilodaltons. 


comparable  to  that  obtained  with  wild-type  CCS  (Fig.  4D) 
(13).  Similarly,  treatment  with  BCS  did  not  alter  XIAP-medi- 
ated  ubiquitination  of  CCS,  suggesting  that  copper-free  CCS 
may  be  the  primary  ubiquitination  substrate  for  XIAP  (Fig. 
4E).  However,  both  basal  ubiquitination  and  copper-induced 
ubiquitination  of  CCS  were  reduced  in  HEK  293  cells  in  which 
XIAP  expression  was  stably  suppressed  by  a  short  hairpin 
RNA  (Fig.  4F),  suggesting  a  possible  role  for  XIAP  in  copper- 
induced  ubiquitination  of  CCS  as  well.  Taken  together,  these 
data  suggest  that  XIAP  is  an  E3  ligase  for  CCS  and  that  the 
mechanism  and  consequences  of  ubiquitination  may  be  deter¬ 
mined  by  whether  or  not  CCS  is  bound  to  copper. 

Lysines  76,  189,  216,  and  241  of  CCS  are  ubiquitinated  in 
cells.  To  examine  further  the  mechanistic  basis  of  CCS  ubiq¬ 
uitination,  the  ubiquitinated  lysine  residues  of  CCS  were 
mapped  by  MS.  We  utilized  a  two-step  affinity  purification 
scheme  developed  by  Burstein  and  colleagues  (Maine  and 


Burstein,  personal  communication)  to  obtain  a  purified  pool  of 
ubiquitinated  CCS  for  analysis  (Fig.  5A).  Human  CCS  with  a 
carboxy-terminal  biotinylation  sequence  tag  was  expressed  in 
HEK  293  cells  with  histidine-tagged  ubiquitin.  To  increase  the 
total  cellular  pool  of  ubiquitinated  CCS,  untagged  XIAP  was 
coexpressed  with  CCS  and  ubiquitin  and  the  cells  were  treated 
with  the  proteasome  inhibitor  MG132  for  4  h  before  lysis.  A 
pure  preparation  of  ubiquitinated  CCS  was  obtained  by  pass¬ 
ing  the  lysate  through  a  nickel  column,  followed  by  a  strepta¬ 
vidin  column,  both  in  the  presence  of  8  M  urea  (Fig.  5B).  The 
tagged  CCS  construct  was  also  expressed  separately  and  purified 
with  the  streptavidin  column  to  allow  visualization  of  the  unmod¬ 
ified  CCS  species.  Of  the  seven  lysines  in  human  CCS,  four  were 
represented  in  the  MS  data  and  all  four  were  ubiquitinated  (Fig. 
5C).  Thus,  while  only  lysines  76, 189,  216,  and  241  were  observed 
to  be  ubiquitinated  in  this  study,  it  is  possible  that  the  remaining 
three  lysines  in  CCS  could  be  ubiquitinated  as  well. 
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FIG.  6.  Preferential  ubiquitination  of  CCS  at  lysine  241  by  XIAP.  (A)  Wild-type  (WT)  CCS  or  a  mutant  form  of  CCS  in  which  lysines  76,  189, 
216,  and  241  were  replaced  with  arginines  was  expressed  in  HEK  293  cells  with  His6-ubiquitin.  The  effects  of  XIAP  and  copper  treatment  on  CCS 
ubiquitination  were  determined  by  Western  blot  analysis  of  nickel  pulldowns  with  an  anti-FLAG  antibody.  (B)  The  effect  of  XIAP  on  wild-type 
CCS  and  individual  lysine  mutants  was  determined  as  for  panel  A.  (C)  Wild-type  CCS  and  the  individual  lysine  mutant  forms  were  coexpressed 
in  HEK  293  cells  with  histidine-tagged  ubiquitin  (Ub).  Cells  were  either  left  untreated  or  incubated  with  150  |jlM  copper  sulfate  for  24  h  prior  to 
harvesting  and  analysis.  (D)  The  effect  of  XIAP  on  the  K76/189/216R  mutant  form  of  CCS  was  compared  directly  to  wild-type  CCS  and  the 
quadruple-lysine  mutant  form  of  CCS  as  for  panels  A  and  B.  The  values  to  the  left  of  the  blots  are  molecular  sizes  in  kilodaltons. 


XIAP  preferentially  ubiquitinates  CCS  at  lysine  241.  In  or¬ 
der  to  investigate  the  relative  contributions  of  the  four  identi¬ 
fied  lysine  residues  to  ubiquitin-dependent  regulation  of  CCS, 
the  four  lysine  sites  were  changed  to  arginines  by  site-directed 
mutagenesis.  Substitution  of  arginine  residues  for  all  four  ly¬ 
sines  substantially  reduced  CCS  ubiquitination  overall  and  abro¬ 
gated  XIAP-mediated  and  copper-induced  ubiquitination  (Fig. 
6A).  Analysis  of  individual  CCS  lysine  mutants  in  the  absence 
of  supplemental  copper  revealed  that  replacement  of  lysine 
241  with  arginine  substantially  reduced  the  ubiquitination  of 
CCS  by  XIAP  compared  to  that  in  wild-type  CCS  and  the  other 
individual  lysine  mutants  (Fig.  6B).  A  similar  experiment  with 
copper-treated  cells  did  not  reveal  a  preferred  residue  for 
copper-induced  CCS  ubiquitination  (Fig.  6C),  supporting  the 
hypothesis  that  XIAP  and  copper  act  on  CCS  in  two  distinct 
ubiquitination  pathways.  Remarkably,  restoration  of  lysine  241 
in  the  quadruple-lysine  mutant  form  of  CCS  rescued  ubiquiti¬ 
nation  by  XIAP  to  levels  comparable  to  those  of  wild-type  CCS 


(Fig.  6D),  suggesting  that  lysine  241  of  CCS  is  the  preferred 
ubiquitination  site  for  XIAP.  Interestingly,  lysine  241  is  located 
very  close  to  the  copper-binding  site  in  the  third  domain 
of  CCS,  which  is  required  for  physiologic  metallation  of  SOD1 
by  CCS  (31,  52),  suggesting  that  XIAP-mediated  ubiquitina¬ 
tion  of  CCS  might  regulate  SOD1  activation. 

XIAP  positively  regulates  activation  of  SOD1  by  CCS.  To 
determine  whether  ubiquitination  of  CCS  by  XIAP  could  reg¬ 
ulate  activation  of  SOD1,  SOD1  and  CCS  were  coexpressed  in 
cells  in  which  XIAP  expression  was  reduced  by  transient  trans¬ 
fection  of  siRNA.  Surprisingly,  suppression  of  endogenous 
XIAP  substantially  reduced  SOD1  activation,  even  when  CCS 
was  overexpressed  (Fig.  7A).  This  finding  suggests  that  ubiq¬ 
uitination  of  CCS  by  XIAP  does  not  inhibit  its  activation  of 
SOD1  or  trigger  its  proteasomal  degradation.  Rather,  ubiquiti¬ 
nation  of  CCS  by  XIAP  seems  to  be  an  activating  event, 
whereby  CCS  is  less  efficient  at  delivering  copper  to  SOD1  in 
the  absence  of  XIAP. 
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FIG.  7.  XIAP-mediated  ubiquitination  of  CCS  positively  regulates  SOD1  activation.  (A)  Human  SOD1  was  expressed  alone  or  with  human 
CCS  in  HEK  293T  cells.  One  day  prior  to  the  transfection  of  plasmid  DNA,  cells  were  transfected  with  a  control  siRNA  oligonucleotide  or  an 
oligonucleotide  targeting  XIAP.  Cell  lysates  were  analyzed  for  SOD1  activity  by  in-gel  NBT  staining,  and  band  intensity  was  quantitated  using 
ImageJ  software.  Data  are  presented  as  the  mean  ±  the  standard  deviation  of  duplicate  transfections  and  are  representative  of  several  independent 
experiments  ( n  =  7).  WB,  Western  blotting.  (B)  Human  SOD1  was  expressed  in  HEK  293T  cells  with  wild-type  (WT)  CCS  or  the  indicated  lysine 
mutant  forms  of  CCS.  Two  days  after  transfection,  SOD1  was  precipitated  with  an  antibody  directed  against  the  HA  tag  and  CCS  was  detected 
in  the  immunoprecipitate  (IP)  with  an  anti-FLAG  antibody  (left  panel).  Whole-cell  lysates  were  analyzed  for  SOD1  activity  by  in-gel  NBT  staining 
and  quantitated  as  for  panel  A  (middle  and  right  panels).  (C)  CCS  and  the  indicated  mutant  forms  of  CCS  were  expressed  together  with  SOD1 
in  cells  that  had  been  transfected  the  previous  day  with  a  control  siRNA  oligonucleotide  or  an  oligonucleotide  targeting  XIAP,  and  SOD1  activity 
was  determined  as  for  panels  A  and  B.  The  data  in  panels  B  and  C  are  presented  as  the  mean  ±  the  standard  error  of  the  mean  of  pooled  data 
from  several  independent  experiments  ( n  >  4),  with  representative  SOD  gels  and  Western  blot  analyses  shown.  In  each  case,  SOD1  activity  was 
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Consistent  with  this  notion,  the  quadruple  lysine  mutant 
form  of  CCS  (K76-241R)  was  substantially  impaired  in  its 
ability  to  activate  SOD1,  although  binding  to  SOD1  was  unaf¬ 
fected  (Fig.  7B).  Replacement  of  lysine  241  with  arginine  in 
wild-type  CCS  (K241R)  reproduced  this  defect,  while  restora¬ 
tion  of  lysine  241  in  the  quadruple  mutant  (K76-216R)  re¬ 
stored  efficient  SOD1  activation.  Although  we  cannot  exclude 
an  alternative  role  independent  of  ubiquitin  for  lysine  241  in 
copper  delivery  to  SOD1,  the  effect  of  arginine  substitution 
was  blunted  when  XIAP  expression  was  reduced  by  siRNA 
transfection  (Fig.  7C),  suggesting  that  the  role  of  lysine  241  is 
as  an  acceptor  site  for  an  XIAP-mediated  ubiquitination  event 
that  enhances  SOD1  activation.  In  contrast,  we  could  not  de¬ 
tect  a  reciprocal  effect  of  SOD1  on  CCS  ubiquitination,  sug¬ 
gesting  that  the  CCS-SOD1  interaction  does  not  directly  reg¬ 
ulate  CCS  ubiquitination  (Fig.  7D).  Collectively,  our  data 
support  a  model  in  which  XIAP-mediated  ubiquitination  of 
CCS,  primarily  at  lysine  241,  enhances  the  ability  of  CCS  to 
activate  SOD1  and  SOD1  activation  is  reduced  substantially  by 
the  removal  of  either  XIAP  or  lysine  241  of  CCS. 

DISCUSSION 

The  recent  characterization  of  XIAP  as  a  copper-binding 
protein  provided  a  novel  link  between  copper  homeostasis  and 
apoptosis  regulation,  but  the  mechanism  and  regulation  of 
XIAP-copper  binding  remain  unclear.  Here,  we  used  a  yeast 
genetic  screen  to  identify  a  novel  physical  and  functional  in¬ 
teraction  between  XIAP  and  the  copper  chaperone  CCS,  pro¬ 
viding  further  insight  into  how  intracellular  copper  and  the 
apoptotic  machinery  are  regulated. 

The  interaction  of  XIAP  with  CCS  is  an  intriguing  and 
potentially  important  nexus  between  copper  metabolism  and 
apoptosis.  We  hypothesize  that  as  intracellular  copper  levels 
rise,  copper-bound  CCS  accumulates  and  delivers  copper  to 
XIAP.  We  did  not  observe  any  XIAP  in  the  copper-bound 
state  in  the  absence  of  supplemental  copper,  suggesting  that 
XIAP  does  not  compete  effectively  for  copper  with  SOD1. 
Based  on  this  observation,  it  is  likely  that  CCS  only  delivers 
copper  to  XIAP  when  the  cytosolic  pool  of  copper-free  SOD1 
(apo-SODl)  is  essentially  depleted.  Interestingly,  in  yeast  lack¬ 
ing  Sodl,  copper  delivery  to  XIAP  did  not  seem  to  be  en¬ 
hanced  compared  to  that  in  wild-type  yeast,  perhaps  because  of 
cytosolic  copper  scavengers  or  other  proteins  that  compete 
effectively  with  XIAP  for  copper  bound  to  Ccsl.  Collectively, 
the  data  from  yeast  and  mammalian  cells  suggest  that  copper 
delivery  to  XIAP  is  a  relatively  inefficient  process  in  compar¬ 
ison  to  SOD1  metallation  and  requires  accumulation  of  cop¬ 
per-bound  CCS  above  basal  levels. 

Interestingly,  the  residual  copper-bound  XIAP  observed  un¬ 
der  high-copper  conditions  in  ccsl  A  mutant  S.  cerevisiae  (Fig. 


1C)  and  Ccs- deficient  MEFs  (Fig.  2A)  suggests  the  existence  of 
a  CCS-independent  pathway  for  copper  delivery  to  XIAP.  This 
is  consistent  with  previous  work  by  Culotta  and  colleagues 
demonstrating  CCS-independent  metallation  of  SOD1  via  a 
pathway  that  requires  reduced  GSH  (12,  27,  32,  33).  It  is 
unclear  which  protein(s)  might  be  involved  in  the  alternate 
pathway  for  copper  loading  of  XIAP.  Physical  interaction  be¬ 
tween  XIAP  and  other  copper-binding  proteins  such  as  CTR1, 
SOD1,  ATP7B,  and  ATOX1  was  not  detectable  under  condi¬ 
tions  where  a  CCS-XIAP  interaction  was  detected  (data  not 
shown).  It  is  possible  that  a  nonproteinaceous  carrier  such  as 
GSH  might  be  involved,  as  is  the  case  for  SODl.  Indeed,  XIAP 
has  been  shown  to  bind  to  copper-bound  GSH  in  vitro  (42), 
suggesting  that  GSH  might  be  a  possible  alternative  copper 
source  for  XIAP.  Regardless  of  the  mechanism,  our  data  in¬ 
dicate  that  CCS-independent  copper  delivery  to  XIAP  requires 
substantially  higher  copper  levels  than  the  CCS-dependent 
pathway,  suggesting  that  CCS-mediated  copper  delivery  is 
likely  to  be  the  predominant  pathway  for  copper  loading  of 
XIAP  in  vivo. 

CCS-dependent  copper  delivery  to  XIAP  may  present  an 
opportunity  for  therapeutic  intervention  for  copper  toxicosis 
disorders  or  tumors  overexpressing  XIAP.  In  the  setting  of 
Wilson  disease  and  other  copper  toxicosis  syndromes,  hepatic 
copper  levels  rise  gradually  over  time,  eventually  reaching  toxic 
levels  and  causing  local  and  systemic  damage.  We  hypothesize 
that  an  early  event  in  copper  toxicosis  diseases,  before  copper 
levels  have  risen  sufficiently  to  damage  cells  directly,  may  be 
the  accumulation  of  copper-bound  CCS  and  copper  delivery  to 
XIAP.  Based  on  our  findings,  copper  binding  to  XIAP  would 
be  expected  to  happen  when  copper  levels  are  only  slightly 
elevated  above  physiologic  levels.  Proapoptotic  insults  due  to 
metabolic  toxins  and  other  sources  might  induce  apoptosis  in 
these  otherwise  healthy  cells  due  to  reduced  XIAP  expression, 
meaning  that  liver  pathology  might  begin  even  when  copper 
accumulation  is  relatively  mild.  Similarly,  patients  undergoing 
copper-reducing  therapy  might  still  be  at  risk  for  liver  damage 
via  XIAP  depletion  if  hepatic  copper  levels  remain  mildly 
elevated.  In  this  setting,  therapeutic  targeting  of  the  CCS- 
XIAP  interaction  to  preserve  XIAP  expression  could  be  ben¬ 
eficial  in  protecting  hepatocytes  from  indirect  copper-medi¬ 
ated  toxicity. 

Interestingly,  elevated  XIAP  expression  has  been  demon¬ 
strated  in  a  variety  of  tumor  types,  and  targeting  of  XIAP  with 
antisense  oligonucleotides  and  small  molecules  has  proven  ef¬ 
fective  in  preclinical  studies  (2,  30,  41).  Further  study  of  the 
XIAP-CCS  interaction  may  provide  structural  insights  that  can 
be  used  for  the  rational  design  of  small  molecules  that  can  bind 
copper  ions  and  mimic  the  XIAP-binding  region  of  CCS  to 
deliver  copper  to  XIAP  and  trigger  its  degradation. 

Copper  delivery  to  the  metalloenzyme  SOD1  by  CCS  is 


determined  relative  to  that  of  the  appropriate  control  (i.e.,  mock  transfection  or  wild-type  CCS)  within  each  experiment  before  the  data  were 
pooled.  All  of  the  data  obtained  for  wild-type  CCS  and  the  lysine  mutant  forms  of  CCS  with  the  control  oligonucleotide  in  panel  C  were  included 
in  the  pooled  data  presented  in  panel  B.  (D)  CCS  with  a  FLAG  epitope  tag  was  coexpressed  in  HEK  293T  cells  with  histidine-tagged  ubiquitin 
(Ub)  in  the  presence  or  absence  of  XIAP  or  HA-tagged  SODl.  After  harvesting  and  lysis,  ubiquitinated  material  was  recovered  from  whole-cell 
lysates  by  incubation  with  nickel-coated  beads  and  CCS  ubiquitination  was  analyzed  by  anti-FLAG  Western  blotting.  PD,  pulldown.  The  values 
to  the  left  of  the  blot  in  panel  D  are  molecular  sizes  in  kilodaltons. 
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FIG.  8.  Proposed  model  of  CCS  regulation  by  distinct  ubiquitination  pathways.  Under  basal  conditions  (top  panel),  XIAP-mediated  ubiquiti- 
nation  of  CCS  at  lysine  241  enhances  CCS-mediated  activation  of  SOD1,  perhaps  by  enhancing  the  ability  of  CCS  to  acquire  copper.  Under 
conditions  of  elevated  intracellular  copper  (bottom  panel),  copper-bound  CCS  accumulates  and  transfers  copper  to  XI AP,  which  is  then  degraded. 
Copper-bound  CCS  is  ubiquitinated  by  XIAP  or  other  cellular  E3  ligases  and  targeted  for  proteasomal  degradation. 


essential  for  SOD1  activation  and  cellular  antioxidant  protec¬ 
tion  (66).  Proper  metallation  of  SOD1  is  also  critical  to  prevent 
its  misfolding  and  aggregation,  which  is  thought  to  be  the 
initiating  event  in  a  large  subset  of  familial  amyotrophic  lateral 
sclerosis  (ALS)  (21).  Apo-SODl  is  more  prone  to  aggregation 
than  copper-bound  SOD1  (holo-SODl),  and  several  ALS-as- 
sociated  mutations  in  SOD1  lead  to  impaired  copper  binding 
(25).  The  role  of  copper  delivery  to  SOD1  in  ALS  pathogenesis 
is  unclear,  however,  as  Ccs  deficiency  does  not  affect  disease 
progression  in  mouse  models  of  ALS  (56),  whereas  CCS  over¬ 
expression  leads  to  accelerated  progression  in  some  models 
but  not  in  others  (53,  54).  Thus,  while  the  CCS-SOD1  inter¬ 
action  is  critical  for  proper  intracellular  copper  homeostasis 
and  redox  regulation,  the  mechanisms  by  which  copper  deliv¬ 
ery  to  SOD1  is  dynamically  regulated  and  how  this  process 
impacts  ALS  pathogenesis  are  not  clear.  Here  we  describe 
posttranslational  regulation  of  the  CCS-SOD1  interaction 
through  ubiquitination  of  CCS  by  XIAP,  which  could  play  a 
regulatory  role  in  maintaining  proper  folding  and  activation  of 
SOD1. 

Several  studies  have  implicated  dynamic  posttranslational 
regulation,  including  ubiquitination  and  phosphorylation,  of 
copper  chaperones  and  transporters  in  maintaining  cellular 
copper  homeostasis  (3, 13, 18,  37,  44, 46).  A  better  understand¬ 
ing  of  how  copper  trafficking  from  transporters  to  chaperones 
to  copper-dependent  proteins  is  dynamically  regulated  in  re¬ 
sponse  to  changing  cellular  requirements  will  be  essential  in 
developing  improved  therapies  for  disorders  of  deregulated 
copper  metabolism. 

Posttranslational  regulation  of  CCS  by  ubiquitination  and 
proteasome-dependent  degradation  has  been  described  previ¬ 
ously  (6,  13).  Our  data  are  consistent  with  the  previous  reports 
of  copper-induced  CCS  degradation  and  suggest  the  existence 
of  two  distinct  pathways  of  CCS  ubiquitination  (Fig.  8):  (i) 
ubiquitination  of  presumably  copper-free  CCS  mediated  by 
XIAP  that  leads  to  enhanced  copper  acquisition  and  delivery 
to  SOD1  and  (ii)  ubiquitination  of  copper-bound  CCS  by 
XIAP  or  another  E3  ligase  that  leads  to  CCS  degradation. 
Taken  together,  our  data  and  other  previous  reports  of  copper- 


induced  CCS  degradation  are  consistent  with  a  model  in  which 
interaction  of  copper-free  CCS  and  XIAP  results  in  nondeg- 
radative  ubiquitination  of  CCS,  whereas  copper-bound  CCS 
would  transfer  copper  to  XIAP  and  be  ubiquitinated  and  tar¬ 
geted  for  proteasomal  degradation. 

The  roles  of  ubiquitin  and  ubiquitin-like  proteins  in  protea- 
some-independent  regulation  of  protein  function  have  become 
increasingly  evident  in  recent  years  (1,  14,  26).  Addition  and 
removal  of  monoubiquitin  and  various  types  of  ubiquitin 
chains  play  a  critical  role  in  the  dynamic  regulation  of  many 
intracellular  processes  and  signaling  events.  Here  we  describe 
a  novel  role  for  the  ubiquitin  system  in  the  regulation  of  in¬ 
tracellular  redox  metabolism  through  XIAP,  CCS,  and  SOD1. 
The  mechanism  by  which  ubiquitination  of  CCS  might  enhance 
its  ability  to  deliver  copper  to  SOD1  is  unclear,  but  it  seems  to 
be  independent  of  CCS-SOD1  binding,  suggesting  that  the 
ubiquitination  status  of  CCS  might  instead  regulate  its  acqui¬ 
sition  or  release  of  copper  to  SOD1.  Regardless  of  the  precise 
mechanism  by  which  ubiquitination  enhances  CCS  activity,  the 
effect  of  lysine  241  ubiquitination  on  CCS  function  provides 
new  insights  into  dynamic  regulation  of  transition  metal  me¬ 
tabolism  and  the  wide  reach  of  the  ubiquitin  system  in  main¬ 
taining  intracellular  homeostasis. 
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